There are two main technologies for manufacturing of particulate reinforced metal matrix composites (MMC), solid state and liquid state processing. The great challenge of producing cast metal matrix composites is to prevent agglomeration of particulates. This tendency is more pronounced with decreasing the particulate size to fine micro-and nano size. A method for producing MMC was successfully implemented for mixing hybrid, nano and low micron sized, reinforcing particles in an aluminium alloy matrix. The hybrid SiC particles were produced by milling 3µm to 5µm SiC particles to a particle size range between 2.5µm and 150 nm. The hybrid particles were mixed with A356 aluminium alloy under combined magneto-hydrodynamic (MHD) and mechanical stirring. The composite was then transferred to a High Pressure Die Casting (HPDC) machine in the semi-solid state. The micron size particles were found to be predominantly in the intergranular eutectic while the nano-particles were predominantly in the primary α-Al grains. Increased ultimate tensile strength, yield strength and hardness were achieved for the new cast metal matrix hybrid component (MMHC) alloy.
Introduction
The demand for lightweight materials and high mechanical performance has seen MMCs being transformed from a topic of scientific and intellectual interest to a material of broad technological and commercial significance [1, 2] . MMCs combine the superior attributes offered by their constituents resulting in a material that exhibits a unique balance of physical and mechanical properties. The strengthening mechanisms which operate in MMC alloys are less temperature and time dependent than those in classical particle strengthening alloys where the service temperatures and time can dramatically reduce the strength of these alloys [3] . There are a large number of possible MMC combinations that can be fabricated owing to the number of matrices and reinforcements that are available. Aluminium alloy matrix has been the most popular due to its excellent strength/weight ratio, good corrosion resistance and high thermal and electrical conductivity making its use ideal for automotive and aircraft applications [2, 4, 5] . Ceramic particulate reinforcements have received the most attention due to the high strength and stiffness as well as high temperature stability of ceramics. SiC is the reinforcement of largest commercial use by a significant margin, followed by Al 2 O 3 and TiC [1] .
Micron-ceramic particles are used to improve the yield and ultimate tensile strength of the matrix metal but the ductility of MMCs drops with increasing content of reinforcing particles [6] . This is due to the tendency of the "larger" particles to occupy the grain boundaries [7] . This leads to low fracture toughness, low strength and hardness at high temperatures and poor machinability [8] . The development of nano-ceramic particle reinforcements in Metal Matrix Nano Composites (MMNCs) brings the potential to influence the microstructure at the atomic level which could lead to ultra high performance materials. There are several fabrication routes for MMNCs which fall into two general categories namely, in-situ and ex-situ. Ex-situ fabrication can be further divided into two categories, solid state and liquid state. The solid state fabrication route of MMNCs include mechanical alloying with high energy milling, ball milling, solid state compression, billet processing by extrusion, rolling or forging [6] . Liquid phase casting process of MMNCs has the ability to produce near net shape lightweight bulk components with uniform reinforcement distribution and structural integrity. The major drawback in fabrication of MMNCs has been the difficulty to obtain uniform dispersion of nano-sized ceramic particles in liquid metals due to high viscosity, poor wettability in the metal matrix and the increase of specific surface area caused by the reduction of particle size which induces agglomeration and clustering [6, 7, 8 ].
CSIR's Processing and Alloying research group seeks to cast aluminium alloys reinforced with SiC micro, micro plus nano hybrid as well as nano particles not only dispersed uniformly in the Al-Si eutectic but in the α aluminium grains as well. The object of this study was to develop the process and characterise metal matrix composites with wide range of reinforcement particulate sizes from 0.1 µm to 1.0 µm, so called Metal Matrix Hybrid Composites (MMHC).
Experimental Procedure
The production of the MMHC was composed of two steps, grinding of micron size SiC particles to produce the hybrid nano-micron particle size distribution followed by mixing of the hybrid particles with aluminium alloy.
Hybrid particulate SiC was achieved by milling micron size SiC powder. Portions of 120 grams, 3-5 µm SiC powder were subjected to milling with Lenton Single pot Barrel Mill. The only parameter controlled in the milling process was time, 10, 30, 60 and 480 minutes.
Castings with 15 Vol. % milled hybrid SiC particulate were produced. A356 metal matrix was melted in a cylindrical stainless steel cup with an induction furnace and simultaneously mechanically stirred for a total of 20 minutes, at a speed of 700 rpm using a 4 blade stirrer. The hybrid SiC powder was deposited continuously into the vortex of the molten A356 matrix and simultaneously mixed by induction field and mechanical stirring. After mixing was completed the composite was cooled down slowly to the semi-solid state. The semi-solid composite was then transferred to the shot sleeve of LK DCC130 High Pressure Die Casting (HPDC) machine and cast into cylindrical bar samples, 12mm diameter and 150 mm length. Five samples were subjected to a typical T6 heat treatment for the A356 alloy. Tensile specimens with 10 mm diameter and 25 mm gauge length were machined in F (as cast) and T6 conditions.
The milled powder and microstructure of the cast MMHC was analysed using a Leica optical metallurgical microscope, Joel scanning electron microscope (SEM) Model JSM-6510 and JOEL high resolution field emission gun SEM. Micro-hardness of the eutectic and primary α grains was assessed using a Futuretech micro-Vickers hardness tester and tensile tests were done using an INSTRON 1342/H1314 tensile servo-hydraulic testing machine.
Results and discussion

Milled SiC
The particle size of the as received and milled SiC was estimated using the Joel SEM ( Fig. 1-4 ). Although this method was not the most accurate way of evaluating the particle size distribution, it gave a good indication of the effectiveness of the milling process and milling efficiency. The typical particle size distribution estimated for the different milling times are shown in table 1. It was found that although there was a significant reduction in particle size with time, not all particles could be reduced to the nano scale. The maximum particle size was reduced from 5 µm to 2.0 -3.0 µm while the smallest particle size achieved was limited to the range of 120 to 200 nm. It was found that milling the powder for 60 or 480 minutes yields roughly the same particulate distribution 62 Semi-Solid Processing of Alloys and Composites XII result. This marks the limit of the milling machine in terms of reduction of the powder size into the nano range but in fact a hybrid (nano-and micron size) powder was achieved. Hybrid powders are useful and they have been employed in reinforcing metals as the nano particles improve the strength of the composite while the micron particles enhance the wear resistance of the composite [ 9, 10, 11] . 
3.2.
Cast MMHC Optical microscopy images of the aluminium A356 metal matrix hybrid composite are shown in figures 5-6. The T6 heat treated samples display a typical A356 microstructure in the as cast and heat treated condition with the micron size particles present in the intergranular eutectic region. The nano-particles were mainly uniformly distributed in the α crystals, which contributed substantially to increasing the microhardness in the as fabricated, 'F', increasing from 62 HV0.05 to 118HV0.05 and to a lesser degree in the α phase in the eutectic structure. The presence of the nano SiC in the α phase was validated using the SEM and high resolution FEG-SEM, figures 7 & 8. 
Mechanical Properties
The tensile properties of the metal matrix hybrid composites (table 2) showed a significant increase in the yield strength and ultimate tensile strength for both the as fabricated and heat treated condition and significantly lower ductility when compared A356 alloy castings. The poor ductility can be attributed to the presence of micron size particles in the intergranular regions. It can be seen that the nano particles had a much higher influence on the yield strengths than the UTS in both the T6 and F. This was most probably due to the nano particulate influence on the crystal structure. The UTS is not influenced as significantly because the final failure mode is controlled by the micron sized particles in the eutectic region.
Conclusions
SiC reinforcing particles with hybrid nano, micron size distribution were produced using a Lenton Single Pot Barrel Mill. Particle size distribution achieved after milling 5 µm SiC was 150 nm to 2.5 µm.
Aluminium A356 metal matrix hybrid composite was successfully produced using combined MHD and mechanical stirring.
